This study attempted to prepare polyethylene-glycol modified (PEGylated) and folate-PEGylated liposomes containing paclitaxel (Ptx) in order to reduce the toxicity and improve the bioavailability and biocompatibility by targeting drugs to the lymphatics using cancer cell specific ligand folate to prevent metastasis via the lymphatic system. Liposomes were prepared by lipid film hydration method using PEG and folate-PEG as surface modifiers. The mean particle size and encapsulation efficiency of liposomes were 114 ± 6.81 nm and 81 ± 2.3% for PEGylated liposome and 122 ± 4.87 nm and 88 ± 2.0% for folate-PEGylated liposome, respectively. According to stability test, it could be confirmed that PEGylated and folate-PEGylated liposomes were stable for at least 5 days. After intravenous administration of the PEGylated and folate-PEGylated liposomes to rats, the CL (total clearance) and 1/2 (half-life) were significantly different ( < 0.05) compared with those of PADEXOL Inj. In targeting efficiency, calculated as the concentration ratio of Ptx in lymph nodes and plasma, there was significant increase in targeting efficiency at lymph nodes ( < 0.05). From these results, we could conclude that the prepared Ptx-containing PEGylated and folate-PEGylated liposomes are good candidates for the targeted delivery of the drug to lymphatic system.
Introduction
Paclitaxel is an anticancer drug that has a diterpenoid pseudoalkaloid structure having the molecular formula C 47 H 51 NO 14 , corresponding to molecular weight of 853 Da [1] . Its anticancer activity was detected in 1967 and its therapeutic efficacy also includes ovarian, breast, head, and neck cancer, small lung cancer, colon cancer, multiple myeloma, melanoma, and Kaposi's sarcoma. The target of Ptx is microtubules, which are polymeric intracellular structures composed of chains of the dimeric protein tubulin [2, 3] . However, there are two limitations for clinical application of Ptx. One is its low bioavailability (BA). Ptx is the substrate of P-glycoprotein (P-gp) [4] . The presence of this phenotype results in a decreased accumulation of drug within the cancer cell, which occurs by an increase in P-gp that functions as a drug efflux pump [4, 5] . Another limitation of Ptx is its difficulty in clinical administration. Ptx is highly hydrophobic (water solubility ≤ 0.5 mg/L). An adjuvant consisting of Cremophor EL (polyoxyethylated castor oil) and dehydrated alcohol has to be used in the current clinical administration of Ptx, which causes serious side effects [6] . It has been believed that side effects caused by Cremophor EL include hypersensitivity reactions, nephrotoxicity, and neurotoxicity [7] . It was also reported that Cremophor EL has influence on the functions of endothelial and vascular muscle and causes vasodilation, laboured breathing, lethargy, and hypotension [8] .
Various formulations to increase BA of Ptx and reduce these side effects of Cremophor EL were studied and developed. For example, liposome [9, 10] , prodrug [11] , microsphere [12, 13] , nanosphere [14, 15] , self-emulsifying drug delivery systems [16] , nanoparticle [17, 18] , nanosponge [19, 20] , and combination with P-gp inhibitors [5, 21] were developed and evaluated. Among these formulations, nanoparticles (NPs) are stable, solid colloidal particles consisting of biodegradable polymer or lipid materials and range in size 2 Journal of Nanomaterials from 10 to 1,000 nm. Drugs can be absorbed onto the particle surface and are entrapped inside the polymer/lipid or dissolved within the particle matrix [22, 23] . Over the past few decades, there have been considerable interests in developing nanosized liposomes as potential and effective drug delivery carriers due to their ability to control drug release and delivery. They can effectively deliver the drug to target sites and thus increase the therapeutic benefit while minimizing side effects [24, 25] . Moreover, surface-modified PEGylated liposomes have been found to be important in potential therapeutic applications as injectable colloidal systems for controlled drug release with long circulation in the blood [26, 27] .
The folate receptor (FR) has been recognized as playing a potential physiological role in cellular folate uptake. FRs are overexpressed in cancer cells, especially ovarian cancers [28] [29] [30] [31] . A number of FR-targeted therapeutic and imaging agents have been evaluated in preclinical studies including liposomal agents [32] [33] [34] [35] [36] . Liposomes are taken up by kappa B cells, which are highly concentrated in lymphatic fluid, specifically compared with nontargeted liposomes [37] . Given the high level of FR expression in ovarian carcinomas and the effectiveness of Ptx as a first-line agent for this type of cancer and preventing its metastasis via the lymphatic system, there is good reason to develop an FR-targeted formulation for Ptx.
Many methods have been used in the preparation of liposomes. Among them, we selected the thin lipid film hydration method with sonication and a modification [38] because of its simplicity and reproducibility. In this study, we prepared and characterized the PEGylated and folate-PEGylated liposomes containing Ptx using the thin lipid film hydration method with sonication to increase the time it circulated in the blood and lymphatic delivery. We also evaluated pharmacokinetic characteristics and lymphatic targeting efficiency of these formulations in rats and the results were compared to those of commercial product, PADEXOL Inj. for intravenous (i.v.) administration. [36, 37, 39] . In brief, 25 mg of folic acid was dissolved in 1 mL of DMSO and 100 mg of amino-PEG-DSPE dissolved in 0.5 mL of pyridine containing 32.5 mg of DCC was added. The reaction mixture was left to stand at room temperature for 4 hours and pyridine was removed by rotary vacuum evaporation. Three milliliters of water was added to the reaction mixture and the insoluble materials were removed by centrifugation at 36,000 g for 15 minutes (Centrikon T-2070, Kontron, Switzerland). The supernatant was dialyzed in Spectra/Por CE against saline for 24 hours and then against water for 24 hours. The dialyzed product (folate-PEG-DSPE) was lyophilized and stored at −20 ∘ C before use.
Materials and Methods
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Journal of Nanomaterials 3 containing Ptx were prepared with a modification of the thin lipid film hydration method [38] . In detail, a mixture of EPC, CHOL, DSPE-mPEG, folate-PEG-DSPE, and Ptx dissolved in chloroform : methanol = 2 : 1 (v/v) was evaporated to dryness by rotary vacuum evaporator under reduced pressure at 45 ∘ C. A thin film was deposited on the inner wall of a Quickfit 50 mL round bottom glass flask. The dried lipid film was dispersed by gentle rotation at room temperature in pH 7.4 PBS solution. The resulting liposome dispersion (about 20 mM total lipid) was gently shaken and sonicated for 10 minutes. Liposomes were centrifuged for 15 minutes (50,000 g, 15 ∘ C) in order to remove nonencapsulated Ptx and multilamellar vehicles (MLV). Prepared liposomes were filtered using a 450 nm polyvinylidenedifluoride (PVDF) filter to remove large liposomes. The final liposomes in pH 7.4 PBS solution were stored at 4 ∘ C until later use.
(1) Determination of Optimal Concentration of DSPE-mPEG. EPC : CHOL : Ptx was fixed to 20 : 10 : 1 molar ratio. DSPEmPEG was added to this mixture at concentrations of 0, 1, 2, 3, and 4 molar ratio. The final lipid concentration was adjusted to 20 mM. Liposomes were prepared as previously described.
The optimal concentration of DSPE-mPEG was determined from the results of particle size and drug encapsulation efficiency (EE) of prepared liposomes.
(2) Determination of Optimal Concentration of Folate-PEG-DSPE. EPC : CHOL :
Ptx was fixed to a 20 : 10 : 1 molar ratio. Folate-PEG-DSPE was added to this mixture at concentrations of 0, 1, 2, 3, and 4 molar ratio. The final lipid concentration was adjusted to 20 mM. Liposomes were prepared as previously described. The optimal concentration of DSPEmPEG was determined from the results of particle size and EE of prepared liposome. (5) Stability Test at Storage Condition. The stability of liposomes in pH 7.4 PBS solution at storage conditions was determined by changes in particle size and EE over a 5-day period during storage at 4 ∘ C. Samples were taken at different time intervals over 24 hours and particle size and EE were obtained immediately. The size of each sample was measured by the particle size analyzer and EE was measured by HPLC assay. Each experiment was repeated at least five times.
Characterization of PEGylated and
(6) In Vitro Release Study. For the in vitro release test of Ptx from PADEXOL Inj., PEGylated liposomes and folatePEGylated liposomes at pH 7.4 phosphate buffer medium was prepared by the dialysis method. Each preparation containing Ptx was diluted with medium and the final concentration of Ptx was adjusted to 90 g/mL. Each sample was put into a dialysis tube (MWCO: 12,000) which was placed into a 50 mL screw-capped Falcon tube with 10 mL of dissolution medium. The Falcon tubes were incubated in a shaking water bath thermostated at 37 ∘ C and shaken at a rate of 100 opm. We changed whole media for new media to prevent drug saturation after gathering samples of dissolution media. At the predetermined time intervals (3, 6, 12, 24, 48, 72, 120, 144, 168, 192 , and 240 hours after starting incubation), whole medium (10 mL) was taken and replaced with the same volume of fresh medium (10 mL). The amount of Ptx released was determined by HPLC. were withdrawn via the femoral artery into a Vacutainer tube with EDTA. After immediate centrifugation (10,000 g, 10 minutes), the plasma was taken and stored at 4 ∘ C until it was assayed within 24 hours. Whole blood (approximately 1 mL) collected from untreated rats was infused via the femoral artery at 0.5, 2, and 8 hours to replace blood-loss due to blood sampling. Also, in order to evaluate the lymphatic delivery of Ptx, the rats were also divided into three groups (five animals in each group) and administered each formulation as mentioned above. At 4 hours after administration, whole blood samples were taken via the abdominal aorta and centrifuged immediately (10,000 g, 10 minutes), and lymph nodes such as mesenteric and axillary lymph node were isolated and weighed (25 mg for each lymph node). These lymph node samples were suspended by a homogenizer for 1 minute in PBS (pH 7.4) to achieve a final concentration of 25 mg/mL in the homogenate and stored at −80 ∘ C until being assayed.
(8) Determination of Ptx in Rat Plasma and Lymph Node Suspension.
The plasma concentrations of Ptx were determined by HPLC assay and modification of the method reported previously [41] [42] [43] . The HPLC conditions for the determination of Ptx in rat plasma and lymph node suspension are the same as mentioned above ((2) determination of drug encapsulation efficiency). The stock solutions of Ptx (1 mg/mL) were prepared in methanol and stored at 4 ∘ C. The stock solution of glimepiride (100 g/mL) for internal standard (I.S.) was prepared by dissolving glimepiride in ethanol. The calibration curves were obtained by plotting the peak-area ratios of the drug to I.S. versus the concentration of Ptx. Calibration standards at rat plasma and lymph node suspension of Ptx were prepared at concentrations of 10, 20, 50, 100, 200, 500, 1000, and 10000 ng/mL in drug-free pooled rat plasma and lymph node suspension. Briefly, 100 L of rat plasma or lymph node suspension sample was put into a test tube and 10 L of I.S. (glimepiride in ethanol diluted with deionized water at a concentration of 5 g/mL) was added. After vortexing for 30 seconds, 2 mL of dichloromethane was added and vortexed for 2 minutes. The extract was then centrifuged for 10 minutes at 10,000 g (4 ∘ C). After aspirating the upper layer, 1.5 mL of the lower layer was transferred to the new test tube for centrifugal evaporation for 1.5 hours at 20,000 g at 45 ∘ C under nitrogen stream. The residue was reconstituted with 100 L of mobile phase by vortexing for 30 seconds and 50 L of the supernatant was injected into the HPLC system. The intra-and inter-day assay precision as well as the accuracy fulfilled the FDA guidelines [44] , and the mean absolute recoveries from plasma and lymph node were 95.4 ± 3.7 and 96.8 ± 4.7%, respectively. These results support the idea that this method was applicable to the kinetics of Ptx for plasma and lymph node suspension.
(9) Pharmacokinetic Analysis and Lymphatic Delivery Evaluation. The pharmacokinetic parameters associated with i.v. administration were estimated by noncompartmental methods using WinNonlin program [45] . The Ptx pharmacokinetic parameters, such as CL and 1/2 , were calculated from standard equations [46] . max was directly obtained by observation. The targeting efficiency of Ptx to the lymphatic system was calculated as the ratio of Ptx concentration in lymph nodes (mesenteric and axillary nodes) to the concentration in rat plasma at 4 hours after i.v. administration of each formulation.
Statistical Evaluation.
All calculated values were expressed as their mean ± S.D. All data were analyzed for statistical significance by Student's -test with < 0.05 indicating a significant difference.
Results and Discussion
Preparation of PEGylated and Folate-PEGylated Liposomes
Determination of Optimal Concentration of DSPEmPEG. EPC : CHOL :
Ptx mixture was used with 20 : 10 : 1 molar ratio. The concentrations of DSPE-mPEG were varied from 0 to 4 molar ratio with respect to the amount of modifier in the liposome composition. When encapsulated in the appropriated concentrations of DSPE-mPEG, DSPEmPEG has been shown to increase encapsulation efficacy [47] and to reduce the leakage of encapsulated drugs [48] . Our results showed that the encapsulation efficiency was found to increase between 0 and 3 molar ratio of DSPE-mPEG. But little change was observed at 4 molar ratio. Also, liposomal size was decreased with increasing DSPE-mPEG molar ratio, but there is not a remarkable difference between 3 and 4 molar ratio. The liposomal size was 114 ± 6.81 nm and EE was 81 ± 2.3%. From these results, the optimal concentration was determined at 3 molar ratio of DSPE-mPEG (Table 1) .
Determination of Optimal Concentration of Folate-PEG-DSPE.
We also determined the optimal molar ratio of folate-PEG-DSPE. EPC : CHOL : Ptx mixture (20 : 10 : 1 molar ratio) was used. The concentrations of folate-PEG-DSPE (DSPE-mPEG : folate-PEG-DSPE = 9 : 1) varied from 0 to 4 molar ratio with respect to the amount of modifier in the liposome composition. Our results showed that the encapsulation efficiency increased between 0 and 3 molar ratio of folate-PEG-DSPE, but little change was observed at 4 molar ratio. Also, liposomal size decreased with increasing folate-PEG-DSPE molar ratio, but there is not a remarkable difference between 3 and 4 molar ratio. The liposomal size was 122 ± 4.87 nm and EE was 88 ± 2.0%. We conclude that liposomal size slightly increased (from 114 to 122 nm). Encapsulation efficiency was also increased (from 81 to 88%) due to the addition of folate to PEG-DSPE liposomes. From these results, the optimal concentration was at 3 molar ratio of folate-PEG-DSPE (Table 1) .
Zeta Potential of PEGylated and Folate-PEGylated Liposomes.
The zeta potential value is an important characteristic, and it can influence liposome stability and mucoadhesion. Our results of zeta potential were −27.7 ± 5.51 and −42.9 ± 6.28 mV for PEGylated and folate-PEGylated liposomes, respectively. Therefore, we expected that prepared liposomes can increase the residence time of anticancer drugs in the circulation, enhance drug accumulation in tumors, and be well-distributed to other tissues [49] .
Morphological Characterization of PEGylated and FolatePEGylated Liposomes.
In the SEM observation (Figure 1) , the PEGylated and folate-PEGylated liposomes containing Ptx prepared from above optimal conditions were about 100 nm in size and had a comparatively spherical shape with a smooth surface, which were almost the same results in the TEM observation ( Figure 2 ) as well as DLS analyzer measurements. These results have shown that PEGylated and folate-PEGylated liposomes containing Ptx having a particle size of about 100 nm and a nice morphology were successfully prepared by this method. Table 2 , the particle size and EE of both PEGylated and folate-PEGylated liposomes in pH 7.4 PBS solution were insignificantly ( > 0.05) changed during 5 days. But EE had tendency to be slightly decreased as time went by. We considered that this result was due to the release of Ptx which was attached to the surface of the liposomes. We think that the liposomal formulations showed excellent colloidal stability and drug retention during this period. And there were no visible changes to the physical appearance of the formulation or signs of drug precipitation. The results showed that the prepared liposomes in pH 7.4 PBS solution were stable at least for 5 days at storage conditions (4 ∘ C). Figure 3 compares the release profiles of Ptx from PADEXOL Inj., PEGylated liposomes, and folate-PEGylated liposomes in pH 7.4 phosphate buffer medium. The release profiles between PEGylated and folatePEGylated liposomes containing Ptx were similar and showed significantly lower profiles than PADEXOL Inj. ( < 0.05). The average release ratio of folate-PEGylated liposomes tended to be relatively small compared to that of PEGylated liposomes. This result is likely due to the addition of folate to PEGylated liposomes. Therefore, the PEGylated and folatePEGylated liposomes containing Ptx have a potential application for controlled release into the blood and lymphatic system. Figure 4 shows the mean concentrationtime profiles of Ptx in rat plasma after i.v. administration of PADEXOL Inj., PEGylated liposome containing Ptx, and folate-PEGylated liposomes containing Ptx (5 mg/kg as Ptx) ( = 5). Table 3 lists the pharmacokinetic parameters obtained by the noncompartmental method using WinNonlin. After i.v. administration, 1/2 , CL , and max of PEGylated and folate-PEGylated liposomes containing Ptx were significantly different ( < 0.05) from those of PADEXOL Inj. The 1/2 of the prepared liposomes was about three times higher than that of PADEXOL Inj. and the CL was about three times lower than that of PADEXOL Inj. These results showed that the prepared liposomes circulated in the blood for a longer period of time and were consistent with the expectation from the in vitro release study. The pharmacokinetic parameters of Ptx reported that the 1/2 was 2.3 hours and the CL was 775 mL/hr⋅kg at the i.v. dose of 5 mg/kg [50] . In a previously related study, the CL of paclitaxel solution at the i.v. dose of 7.5 mg/kg was 1677.85 mL/hr⋅kg [51] . Based on these results, we conclude that the CL in our study is comparable with that in related studies. The concentrations of Ptx in mesenteric and axillary lymph nodes after i.v. administration were shown in Table 3 . There was a significant difference between the prepared liposomes containing Ptx and control formulation (PADEXOL Inj.) ( < 0.05). In the case of PEGylated and folate-PEGylated liposomes, the concentration of Ptx in the lymph nodes was lower compared to the control formulation. The observed difference in these data could be related to the difference in their biocompatibility. A large number of lymphocytes, such as macrophages or leukocytes, are known to be distributed in the lymph nodes and lymphatic capillaries. Thus, although the blood concentrations of Ptx in the prepared liposomes at 4 hours after i.v. administration (5 mg/kg) to rats were significant ( < 0.05) lower than those in the control formulation (PADEXOL Inj.), on the contrary, the relative delivered effects of Ptx in the prepared liposomes on both lymph nodes compared to the control formulation increased due to their biocompatibility, phagocytosis by enriched macrophages, and so on.
Stability Test of Liposomes at Storage Condition. As shown in
In Vitro Release Study.
Pharmacokinetic Analysis and Lymphatic Targeting Efficiency Evaluation.
Lymphatic targeting efficiency of Ptx into the mesenteric and axillary lymph nodes was shown in Table 3 . After i.v. administration, the lymphatic targeting efficiency of PEGylated and folate-PEGylated liposomes containing Ptx was significantly increased when compared with that of PADEXOL Inj. ( < 0.05) in both lymph nodes. This increased lymphatic targeting efficiency can lower the drug concentration needed to have an effect. Delivering with the prepared liposomes increased not only the time of the drug circulation but also it seems to increase the efficacy at the target sites and reduce the systemic side effects as we expected. These results suggest that PEGylated and folate-PEGylated liposomes containing Ptx could be as effective for targeting delivery of Ptx to the lymphatic system as the i.v. formulation.
Conclusions
The PEGylated and folate-PEGylated liposomes containing Ptx with diameters of about 120 nm could be prepared easily and are reproducible by lipid film hydration method. The drug EE was above 80% at the optimal molar ratio. From in vivo studies, the 1/2 and CL of the prepared liposomes were significantly different from those of PADEXOL Inj. ( < 0.05). The prepared liposomes showed significantly higher lymphatic targeting efficiency than that of PADEXOL Inj. at the mesenteric and axillary lymph nodes ( < 0.05). Generally, most of the nanosized prepared liposomes accumulate to the target lymph node during continuous systemic circulation due to the physicochemical characteristics such as particle size and biodegradable polymers coating the surface. The prepared liposomes can easily pass through the walls of lymphatic capillaries during systemic circulation, and this passive targeting enables the drug to be targeted to the lymphatic system. Based on the results of our study, we conclude that this mechanism is related to the drug delivery system of the prepared liposomes. Therefore, it was suggested that the prepared liposomes have an effect on targeting Ptx to the lymph node, and the prepared liposomes are good candidates for delivering Ptx to the lymphatic system.
